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Abstract 
Fluctuating renewable energy sources and its rising share in the electricity grid need to be balanced. Thermal Energy Storages 
(TES) can buffer thermal energy generated by various energy converters, e.g. Combined Heat and Power Plants (CHP) and Heat 
Pumps (HP), for supplying a lack or demanding a surplus of electricity energy from the power grid. Simultaneously generated 
heat energy can be demanded from households in heating applications later. However, in dense populated areas, installation sites 
for thermal energy storage systems are rare due to a large building area. Hence, the spatial distribution of thermal energy storages 
can increase flexibility options for the operation of energy converters. 
The installation and operation of thermal storage systems are analyzed with a mathematical optimization tool. Spatial distribution 
and utilization of certain energy converters are calculated on hourly base. The optimization is driven by a cost minimization 
related to invest, maintaining and fuel consumption. Simultaneously, the revenues for selling electricity at the electricity market 
are maximized. Technical and economical limitations are implemented in various scenarios in order to analyze the flexibility 
options with the spatial distribution and operation of thermal energy storages. 
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1. Introduction 
The rising share of fluctuating renewable energy sources requires extensive adaptions in the energy supply system 
of e.g. Germany. Not only the electricity sector but also the heat sector are concerned strongly [1]. Thermal Energy 
Storage (TES) systems in combination with Combined Heat and Power Plants (CHP) can balance energy demands in 
the electricity grid [2]. Electrical energy is generated by CHP plants in times of high spot prices at the European 
Energy Exchange (EEX) based on the simplified assumption that a lack of electricity energy in the power grid 
correlates to high prices at the electricity market [3]. Excess heat energy is buffered in thermal energy storage 
systems for later use in heat applications at buildings [4]. 
Thermal energy storage systems can increase the flexibility options for a decoupled generation and consumption 
of heat and electricity energy. Moreover, the operator of energy supply systems can increase its total revenues by the 
expansion and intelligent operation of thermal energy storage systems [5]. 
1.1. Objective 
In practice, the space for installing large centralized thermal energy storage technologies is limited by large space 
requirements in dense covered areas. Hence, thermal energy storage systems can be distributed at open space in 
energy supply systems with district heating networks for increasing the options of a decoupled generation of heat 
and electricity energy. 
In this paper, the flexibility options with decentralized thermal energy storage systems are identified. The ideal 
spatial distribution, the size and the operation of thermal energy storage systems are analyzed and compared to 
central TES systems in various scenarios by the means of a case study with a mathematical optimization tool. 
1.2. State of the art 
Increasing full load hours in CHP plants coupled to a long-term TES are shown in [6] with mathematical 
optimization algorithms. Varying hourly prices for electricity and fuel over fixed periods influence the payback time 
of the used technologies. Another study points out the optimal thermal energy storage capacities in the energy 
supply system of Berlin supplied by CHP plants and district heating networks [7]. Not only the operation but also 
the size of thermal energy storage systems are optimized with regard to high and low prices for fuel, electricity and 
CO2 emissions. According to the authors, including thermal energy storage systems can improve the efficiency of 
the whole energy supply system. 
In the discussed energy optimizations the thermal energy storage is centralized and located nearby the CHP plant. 
In further research work mathematical tools are presented which allow the structural and operational optimization of 
spatially distributed energy systems with several thermal consumers at different locations: In [8], the optimal 
combinations of spatially distributed energy supply systems, thermal energy storages and consumers are calculated 
with a structural optimization algorithm. In comparison, in a further optimization tool [9] the spatially distributed 
energy systems and the connections to the district heating network have to be specified in advance. The great benefit 
of this tool lies in the hourly resolution of the optimization method, which allows the interpretation of energy 
generation and energy exchange. 
2. Methodology 
The techno-economical optimization tool “KomMod” allows the structural and operational optimization of 
distributed energy storage systems by an overall cost minimization of invest, maintenance and fuel consumption as 
well as the maximization of the revenues [10], based on an algebraic modeling language [11]. The optimization tool 
is used to analyze the spatial distribution of thermal energy storages and its operation is studied in the energy supply 
system of the neighboring residential districts Freiburg Weingarten and Freiburg Rieselfeld. Limitations in space for 
installing storage systems and heat transportation restrictions in the district heating pipes are analyzed in various 
scenarios. 
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2.1. Structural and operational optimization 
CHP, boiler units and TES operation is described by equations with constant efficiency factors for converting 
fuel to heat and electricity energy. Spatially resolved configurations can be set up by interconnecting energy 
converters (CHP, boiler), energy storage systems (TES) and consumers (buildings) to district heating pipes (Figure 
1). The optimal energy distribution, the size of energy converters and thermal storage systems are solved in an 
hourly resolution regarding a time frame of one year. 
Figure 1. Scheme of an energy supply system with thermal energy exchange between two energy supply zones [z=1] and [z=2]; every zone z 
includes sub-zones [u] equipped with converters [i], energy storage [i] and aggregated energy sinks [g] e.g. single family houses (SFH)/ multi-
family houses (MFH). 
 
Figure 1 illustrates the scheme of a simple distributed energy supply system which is modeled with the techno-
economical optimization tool “KomMod”. Two sub systems – Weingarten and Rieselfeld - include energy 
converters, thermal storages and heat sinks. Thermal energy can be exchanged over district heating pipes from one 
zone to the other. In particular, the shortage of space for implementing thermal energy storages in dense areas and 
heat transport limitations are constrained via adequate boundary conditions in the simulation model. 
The optimization model aims for cost minimization of investment and hourly fuel insertion whereby the revenues 
for selling electricity are maximized (Equation 1). In addition, every time step the balance of energy for heat and 
electricity must be fulfilled. 
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2.2. Case study: Freiburg Weingarten and Freiburg Rieselfeld 
Freiburg Weingarten was built in the 1960s and it has 9,000 inhabitants. The heat demand of the dwellings is 
supplied by a heating station via district heating network (Figure 2). Between 1998 and 2008, the residential 
neighbourhood Freiburg Rieselfeld was built with highly energy-efficient buildings. The energy supply system of 
Freiburg Weingarten was expanded to include Freiburg Rieselfeld and additionally 10,000 inhabitants are supplied 
with thermal energy for heating and hot water supply by a district heating network. Together, both urban districts 
consumed 68 GWhth heating energy in 2011, whereby the maximum power demand is 21 MWth in winter [12]. 
 
Figure 2. Case study in Freiburg Weingarten and Rieselfeld with flexible heat and electricity production in CHP units at Weingarten and heat 
transportation via district heating pipe to Rieselfeld with open space for the integration of thermal energy storage systems. 
The heating station includes six CHP plants (1.2 MWth/ unit) and two natural-gas driven boilers with a total 
thermal power output of 26 MWth. The operation of the power units is flexible due to hot water tanks with a total 
size of approximately 400 m³, located nearby the heating station. Therefore, nearly 80 percent of the heat demand is 
produced with the CHP plants and only a share of 20 percent has to be covered by the boiler [13].  
 
2.3. Setting up scenarios with spatial distributed TES 
For analysing the ideal operation and spatial distribution of thermal energy storage systems, various scenarios 
have to be determined in advance. Since the spatial distribution of thermal energy storages is highly dependent on 
space limitations and transport capacities, five scenarios regarding these factors are set up. The share of area covered 
by buildings in Freiburg Weingarten is large compared to Rieselfeld (Figure 2). Hence, the expansion of thermal 
energy storage systems is restricted in Weingarten (WG, Zone 1) and the optimization tool decides about the 
installation of thermal energy storages in Freiburg Rieselfeld (RF, Zone 2) where space is available. Furthermore, 
the heat energy exchange from Weingarten to Freiburg is limited to 7 MWth according to given data of the pipe 
installation. 
 
 Andreas Bachmaier et al. /  Energy Procedia  73 ( 2015 )  3 – 11 7
Table 1 shows the analysed scenarios and the corresponding technical arrangements of the energy supply systems 
within the two zones. In every scenario, costs for invest and fuel consumption are fixed parameters ([14], [15]). 
Electricity is assumed to be sold at the electricity stock exchange. Hence, the simulation model includes the hourly 
spot market prices of the European Energy Exchange (EEX) in 2011 [16] and an additional bonus for the combined 
heat and power production defined by the German fed-in law “KWK-Gesetz” [17]. 
Table 1: Definition of scenarios (SC) for optimizing the operation and the size of spatial distributed thermal energy storages; technical restrictions 
depending the size are defined with “fix” whereby free optimization is indicated by “free”. 
 Scenarios (SC) SC 0 SC 1 SC 2 SC 3 SC 4 
Zone Description/ 
Boundaries 
Status 
Quo/ 
Free Opt./ /Fix 
TES WG 
/Fix 
DH pipe 
/No heat 
prod. RF 
Weingarten 
(WG) 
CHP fix free free free free 
Boiler fix free free free free 
TES fix free fix fix fix 
District Heat. WG => RF fix free free fix fix 
Rieselfeld 
(RF) 
CHP fix(0) free free free fix(0) 
Boiler fix(0) free free free fix(0) 
TES fix(0) free free free free 
 
Initially, the status quo scenario (SC 0) is established for checking the feasibility of the optimization model. 
Thereby, given data e.g. plant sizes and energy output data provided by the utility is compared to the simulated data 
including the optimized operation of the energy supply system. Another four scenarios (SC 1 – SC 4) are set up for 
testing the additional installation of thermal energy storage systems. 
In the first scenario (SC 1) the size of the heat energy plants, thermal storages and the transport capacity of the 
district heating network are optimized freely with no upper and lower restrictions. Additionally, the development 
costs for the site in Rieselfeld are considered. 
In the following scenarios (SC 2 – SC 4) technical boundaries are added consecutively. Limitations in space for 
the integration of thermal energy storage at Weingarten are considered as well as heat transportation limits in the 
district heating network (DHN) between Weingarten and Rieselfeld. Moreover, extending the existing heating 
station at Weingarten should be preferred rather than establishing a new one in Rieselfeld (“fix(0)” in Table 1). 
3. Results and Discussion 
The total system costs and the installed thermal power of the five scenarios are presented and explained in Figure 
3. In scenario 0 the status quo of the heating station of Freiburg Weingarten was adopted in the simulation model. 
The installed size of the thermal storage system in the dense populated residential area of Freiburg Weingarten is 
400 m³. Also the size of the CHP plants is bounded to its current installation. By comparing the right columns of 
each scenario in the left diagram in Figure 2, reduced flexibility options appear as lower revenues for selling 
electricity generated by the CHP plants. 
Compared to the “Status Quo” (SC 0) the revenues but also the costs are higher in scenario “Free Optimization” (SC 
1). Nonetheless, a surplus of 700 k€ is gained in scenario 1 compared to scenario 0 due to the increasing flexibility 
options with extended TES systems (3600 m³) coupled with large CHP plants (18 MWth). Moreover, the 
installations are located in Weingarten rather than in Rieselfeld. Thereby, higher investment costs for the installation 
site (20 €/kWh) and costs for heat transportation (1 m€/ kWh) are considered. Compared to all scenarios, in scenario 
1 with a freely optimized central thermal energy storage the flexibility options are the highest with no limitations in 
space for installation and no restrictions in heat transportation. 
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Figure 3. Costs and revenues (left): For every scenario, the left bar shows the cost elements (invest, maintenance, gas) of the energy system 
components (CHP, boiler, TES), the right bar of every scenario represents the revenues for selling heat and electricity from boiler and CHP / 
installed thermal power and TES volume (right): The left bar illustrates the installed thermal power of CHP and boiler in zone 1 (WG) and 
zone 2 (RF), the right bar displays the installed TES volume in WG and RF. 
In scenario 2, the revenues for generating electricity drop by 85 k€ compared to scenario 1 and the flexibility of 
the energy supply system decreases which points out the advantages of central production and storing heat energy. 
On the one hand, the restricted installation of thermal energy storage in Freiburg Weingarten to 400m³ at scenario 2 
leads to lower flexibility options than in scenario 1. On the other hand, the installation of TES with 2300 m³ in 
Rieselfeld increases the flexibility in the generation of electricity energy compared to scenario 0. 
In scenario 3 the revenues slightly decrease compared to scenario 2 due to a limited heat transportation capacity 
from Freiburg Weingarten to Freiburg Rieselfeld. By comparing scenario 2 and scenario 3, the optimized thermal 
storage capacity in Freiburg Rieselfeld decreases and additional flexibility is gained through the installation of CHP 
plants in Freiburg Rieselfeld. Although the prices for the installation site in Freiburg Rieselfeld are higher compared 
to Freiburg Weingarten, the restricted flexibility due to the limited heat transportation is compensated with 
additional CHP plants in RF. 
Scenario 4 represents the most realistic adaption of the energy supply system of Freiburg Weingarten and 
Rieselfeld. The central heat and electricity generation of Freiburg Weingarten can be expanded with TES systems in 
Freiburg Rieselfeld for increasing flexibility options. In comparison to the scenarios 1 – 4, lower revenues are 
balanced with extended TES systems in Freiburg Rieselfeld and an overall TES volume of 3800 m³. 
 
 
3.1. Central Thermal Energy Storage 
Figure 4 illustrates the annual load duration curves of the optimized operation with fixed (SC 0) and free (SC 1) 
energy supply system components. In both cases, central thermal energy storage is used for surplus heat energy 
buffering. Additional heat energy is generated by the CHP plant (indicated by the green area above the demand 
curve) and buffered in TES systems. Later, the heat energy demand can be covered completely by the thermal 
energy storage output (Figure 4, right). The white area below the demand curve can be filled with the yellow storage 
output. Peak demands in heat energy can be covered by boilers (Figure 4, left). 
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Figure 4. Annual load duration curves (not stapled) for the scenarios “Status Quo” (SC 0, left) and “Free Opt” (SC 1, right); in both cases heat 
production is flexible due to longer run-times of CHP plants. 
The annual load duration curves can be linked with the hourly operation of the energy supply system in scenario 
0 and 1 (Figure 5). The lower peak operation times of the CHP plants in summer (SC 0) correlates with the 
distributed annual load durations of the CHP plants. Moreover, the longer and smother load duration in SC 0 can be 
explained with less flexibility options by the smaller thermal storage in SC 0 compared to SC 1. 
In winter, additional operation of gas boiler is necessary when the heat energy demand exceeds the maximum 
power of the CHP plants (Figure 5, left). If it lies under the thermal power of the CHP plants, the electricity 
production is flexible due to the thermal energy storage system. 
 
  
Figure 5. Hourly operation of the energy supply system with central CHP, boiler and TES, annual illustration of the scenarios “Status Quo” (SC 
0, left) and “Free Opt” (SC 1, right). 
3.2. Distributed Thermal Energy Storage 
The operation of the CHP power plants is driven by the EEX price. Electricity energy is ideally generated and 
sold at the electricity market at times of high energy prices (Figure 6). Thermal energy storages can increase the 
revenues for generated electricity by decoupling the heat and electricity production whereby the surplus of heat 
energy is buffered in TES systems and distributed to the consumers when the price at the stock is low. In summer, 
the flexibility in production is high (Figure 6, upper row). Hence, in winter the heat energy production is strongly 
coupled to the heat demand and the flexibility is harmed (Figure 6, lower row). 
In summer, heat energy is imported at Freiburg Rieselfeld via district heating pipe and stored at the TES systems 
in times with high electricity prices (Figure 6, upper row, right). In addition, thermal energy storage covers the heat 
demand of the residential area Rieselfeld most of the week. 
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In winter, surplus heat energy is exported from Freiburg Weingarten and supplied directly to the consumers. 
Mainly in times of low energy production of the CHP, the thermal energy is directly supplied out of the TES system 
in Freiburg Rieselfeld (Figure 6, lower row, right). 
 
  
  
Figure 6. Hourly operation of the energy supply system with distributed thermal energy storage and thermal energy exchange between Freiburg 
Weingarten (left column) and Freiburg Rieselfeld (right column); illustration of the thermal energy exchange in a summer week (upper row) and 
a winter week (lower row), scenario 4. 
4. Conclusion and outlook 
The applied mathematical optimization tool allows the calculation of the optimal size of energy converters as 
well as thermal energy storages by minimizing the costs for invest, maintaining and fuel insertion and maximizing 
the revenues for selling electricity at the electricity market. In addition, considering the spatial distribution of the 
overall energy supply system including district heating networks delivers a sophisticated approach for calculating 
the optimal location, the operation and the size of spatial distributed TES systems by comparing the results of 
various scenarios with different technical and economical limitations. With the spatially-resolved optimization tool 
“KomMod” it can be shown that the installation of a decentralized thermal energy storage is nearly as efficient as 
operating a central thermal storage. 
In further research work, possible developments in the future are integrated in the simulation model by 
decreasing energy prices at the electricity market and rising energy prices for fuel. Furthermore, measures in 
refurbishment [18] can be resolved and analyzed spatially. According to [19], various scenarios with small spatial 
distributed thermal energy storages are set up for quantifying the shortened flexibility of CHP plants. 
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